Maternal cigarette smoking and prenatal nicotine exposure increase the risk for sudden infant death syndrome (SIDS) by 2-to 4-fold, yet despite adverse publicity, nearly one of four pregnant women smoke tobacco. Infants who succumb to SIDS typically experience a severe bradycardia that precedes or is accompanied by centrally mediated life-threatening apneas and gasping. Although the causes of the apnea and bradycardia prevalent in SIDS victims are unknown, it has been hypothesized that these fatal events are exaggerated cardiorespiratory responses to hypoxia or hypercapnia. Changes in heart rate are primarily determined by the activity of cardiac vagal neurons (CVNs) in the brainstem. In this study, we tested whether hypoxia/hypercapnia evokes synaptic pathways to CVNs and whether these cardiorespiratory interactions are altered by prenatal exposure to nicotine. Spontaneous rhythmic inspiratoryrelated activity was recorded from the hypoglossal rootlet of 700-to 800-m medullary sections. CVNs were identified in this preparation by retrograde fluorescent labeling, and excitatory synaptic inputs to CVNs were isolated and studied using patchclamp electrophysiologic techniques. Hypoxia/hypercapnia did not elicit an increase in excitatory neurotransmission to CVNs in unexposed animals, but in animals that were exposed to nicotine in the prenatal period, hypoxia/hypercapnia recruited an excitatory neurotransmission to CVNs. This study establishes a likely neurochemical mechanism for the exaggerated decrease in heart rate in response to hypoxia/hypercapnia that occurs in SIDS victims. There are at least two major physiologic interactions between the respiratory system and the neural control of heart rate. The most ubiquitous cardiorespiratory interaction is respiratory sinus arrhythmia. During each respiratory cycle, the heart beat slows during postinspiration/expiration, and heart rate increases during inspiration. Such increases in heart rate during inspiration are observed in a wide variety of mammals, including both neonatal (1) and adult humans (2) and rats (3). Respiratory sinus arrhythmia helps match pulmonary blood flow to lung inflation and maintain the appropriate diffusion gradient for oxygen in the lungs (4).
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Although feedback from pulmonary stretch receptors, direct respiratory related-changes in venous return, and cardiac stretch can evoke respiratory-related fluctuations in heart rate, the dominant source of respiratory sinus arrhythmia originates from the brainstem (4, 5) . Respiratory sinus arrhythmia persists when the lungs are stationary (caused by muscle paralysis or constant flow ventilation), and the respiratory modulation of heart rate remains synchronized with brainstem respiratory rhythms even when artificial ventilation of the lungs and chemoreceptor activation occur at different intervals (6, 7) . In animals, including humans, respiratory sinus arrhythmia is mediated via cardiac vagal activity. Respiratory sinus arrhythmia persists in experimental animals upon sectioning sympathetic pathways and in quadriplegic patients with spinal cord injury and sympathetic dysfunction (6 -8) . Blockade of parasympathetic cardiac activity abolishes respiratory sinus arrhythmia (9) . Possible cellular mechanisms of respiratory sinus arrhythmia include activation of excitatory pathways to pre-motor cardiac vagal neurons (CVNs) during postinspiration and/or an increased inhibition of premotor CVNs during inspiration.
Among the strongest interactions between the cardiovascular and respiratory systems are the responses to hypoxia and hypercapnia. Hypoxia initially elicits an increase, followed by a dramatic decrease in respiratory frequency (10) . In addition, hypoxia transforms eupneic respiratory activity to gasping activity, which is characterized by infrequent, robust breaths of short duration (11, 12) . Prolonged hypoxia and hypercapnia eventually produce a terminal apnea. Likewise, hypoxia and hypercapnia evoke an initial transient increase in heart rate followed by a parasympathetically mediated bradycardia and, ultimately, cessation of cardiac contractions (13, 14) . The reduction in heart rate and respiratory frequency in response to hypoxia normally serves to reduce the metabolic demand of the cardiac and respiratory muscles and thus prolong survival (15) .
Exaggeration of this protective response to hypoxia, however, could be detrimental. Sudden infant death syndrome (SIDS) is the leading cause of infant death in the postneonatal period (16) . Infants who succumb to SIDS typically experience a severe bradycardia that precedes or is accompanied by centrally mediated life-threatening apneas and gasping (8, 10) . Although the causes of the apnea and bradycardia prevalent in SIDS victims are unknown, it has been hypothesized that these fatal events are exaggerated cardiorespiratory responses to hypoxia or hypercapnia (17, 18) .
Although the cause(s) for SIDS remains unknown, chronic fetal nicotine exposure by maternal smoking dramatically increases the risk for SIDS. Epidemiologic studies indicate that smoking during pregnancy increases the risk for SIDS by two to four times (19, 20) . In animal models of SIDS, prenatal nicotine exposure augments the parasympathetic and diminishes the sympathetic control of heart rate (21). Prenatal exposure to nicotine also exaggerates the cardiovascular responses to hypoxia. In control rats, hypoxia typically evokes an initial tachycardia followed by a slight decrease in heart rate, whereas in nicotine-exposed animals, there is no tachycardia and heart rate declines rapidly and precipitously within a few minutes (22) .
This study was designed to test the following three hypotheses: 1) premotor CVNs in the nucleus ambiguus (NA) receive rhythmic respiratory-related excitatory synaptic input during the period of postinspiration in eupneic-like respiration; 2) respiratory activity changes to a gasp-like pattern in response to hypoxia/ hypercapnia, which is accompanied by an increased excitatory synaptic neurotransmission to CVNs; and 3) animals that are exposed to nicotine in the prenatal period have exaggerated cardiorespiratory responses to hypoxia/hypercapnia.
METHODS
Fluorescent labeling of CVNs and medullary slice preparation. Neonatal Sprague-Dawley rats (P3-P7; Hilltop, Scottdale, PA) were anesthetized with ketamine/xylazine (87/13 mg/kg) and cooled to~4°C to slow the heart rate. A right thoracotomy was performed, and the retrograde fluorescent tracer X-rhodamine-5-(and-6)-isothiocyanate (Molecular Probes, Eugene, OR) was injected into the fat pads at the base of the heart. After 24 -48 h of recovery, animals were anesthetized with halothane and killed by cervical dislocation, and the brain tissue was placed in a 4°C physiologic saline solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 5 mM glucose, and 10 mM HEPES) bubbled with 100% O 2 (pH 7.4). All animal procedures were performed with the approval of the Animal Care and Use Committee of The George Washington University in accordance with the recommendations of the panel on euthanasia of the American Veterinary Medical Association and the National Institutes of Health publication, "Guide for the Care and Use of Laboratory Animals."
The medulla was removed with care to preserve the hypoglossal cranial nerve rootlet. The medulla was mounted on a cutting block and placed into a vibrating blade microtome (Leica, Nussloch, Germany). Serial transverse sections were sliced in a rostrocaudal progression until the inferior olives and the NA could be visualized on the rostral surface of the tissue. A single thick (700 -800 m) section that included CVNs, the hypoglossal nerve rootlet, the pre-Bötzinger complex, and the rostral portion of the hypoglossal nucleus was cut and submerged in a recording chamber that allowed perfusion (4 mL/min) above and below the slice with room temperature artificial cerebrospinal fluid (aCSF; 125 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 26 mM NaHCO 3 , 5 mmol glucose, and 5 mM HEPES) equilibrated with 95% O 2 /5% CO 2 (pH 7.4).
Recording respiratory network activity. The thick medullary slice preparation generates rhythmic inspiratory-related motor discharge in hypoglossal cranial nerves (23) . Spontaneous respiratory-related activity was recorded by monitoring motor-neuron population activity from hypoglossal nerve rootlets using a suction electrode. Hypoglossal rootlet activity was amplified (50,000 times) and filtered (10-to 300-Hz band pass; CWE Inc., Ardmore, PA) and electronically integrated ( ϭ 50 ms; CWE Inc.).
Patch-clamp techniques. CVNs in the NA were identified by the presence of the fluorescent tracer as described previously (24) . Briefly, slices were viewed with infrared illumination and differential interference optics (Zeiss, Oberkochen, Germany) and under fluorescent illumination with an infrared sensitive cooled charged-coupled device camera (Photometrics, Tucson, AZ). Neurons that contained the fluorescent tracer were identified by superimposing the fluorescent and infrared images on a video monitor (Sony, Tokyo, Japan). Patch pipettes (2.5-3.5 M⍀) were visually guided to the surface of individual CVNs using differential interference optics and infrared illumination (Zeiss, Oberkochen, Germany). CVNs were voltage-clamped at a holding potential of Ϫ80 mV. The patch pipettes were filled with a solution that consisted of (in mM) 135 K-gluconic acid, 10 HEPES, 10 EGTA, 1 CaCl 2 , and 1 MgCl 2 , at a pH of 7.35-7.4.
Focal drug application. Focal drug application was performed using a pneumatic picopump pressure delivery system (WPI, Sarasota, FL). Drugs were ejected from a patch pipette positioned within 30 m from the patched CVN. The maximum range of drug application has been previously determined to be 100 -120 m downstream from the drug pipette and considerably less behind the drug pipette (25) . Glutamatergic neurotransmission was isolated by focal application of strychnine (1 M) and gabazine (25 M) to block glycine and GABA A receptors, respectively. All drugs were obtained from Sigma Chemical Co. (St. Louis, MO).
Hypoxia/hypercapnia. Rhythmic inspiratory-related activity and glutamatergic excitatory post-synaptic currents (EPSCs) in a single CVN were recorded simultaneously for 4 min in aCSF equilibrated with 95% O 2 /5% CO 2 . Slices then were perfused with hypoxic/hypercapnic aCSF (equilibrated with 85% N 2 /6% O 2 /9% CO 2 ) for 10 min and then returned to the original perfusate for 20 min.
Prenatal nicotine exposure. Adult female rats were anesthetized with ketamine/xylazine (87/13 mg/kg, i.p.; Phoenix Pharmaceuticals, St. Joseph, MO) on the third day of gestation, and Alzet osmotic minipumps (Durect, Cupertino, CA) that contained nicotine (56.1 mg/mL bacteriostatic saline; Sigma Chemical Co.) were implanted. Osmotic minipumps were chosen to avoid the high plasma nicotine concentrations and subsequent episodic fetal hypoxia/ischemia that can be produced by nicotine injections. Pumps delivered 2.1 mg nicotine/d, a level approximately equivalent to those that occur in moderate to heavy smokers, for 28 d (22) . Nicotine-treated animals continued to be exposed to nicotine through maternal milk until they were killed.
Data analysis. Synaptic events were detected using MiniAnalysis version 5.6.12 (Synaptosoft, Decatur, GA). The frequency of EPSCs that occurred in CVNs were grouped into 1-s bins and cross-correlated with the onset of inspiratory-related hypoglossal activity. Data were analyzed from all bursts during the last 2 min of the control period, during the last 2 min of the 10-min period of hypoxia/hypercapnia, and from minutes 10 to 12 during the 20-min recovery. These periods were chosen for analysis because during these periods, synaptic activities were consistent and any hypoxia/hypercapnia-evoked changes reached a steady state. Burst duration and frequency were measured using pClamp 7 software (Axon Instruments, Union City, CA) from the filtered (10-to 300-Hz band pass) and electronically integrated hypoglossal rootlet activity. Results are presented as mean Ϯ SEM. Statistical comparisons were performed using ANOVA with repeated measures to examine the responses throughout the time course of the experiments and unpaired t test when 563
RESULTS
When the perfusate was changed from aCSF equilibrated with 95% O 2 /5% CO 2 to aCSF equilibrated with 85% N 2 /6% O 2 /9% CO 2 , respiratory frequency initially increased, which was followed by a depression in the frequency of bursting (Fig.  1) . Hypoxia/hypercapnia also evoked a significant decrease in the burst duration, as shown in Fig. 1 . The respiratory responses in animals that were exposed to nicotine in the prenatal period closely mimicked and were not significantly different from the responses in unexposed animals (Fig. 1) .
Glutamatergic synaptic neurotransmission to CVNs in unexposed animals was not modulated by respiratory activity during either control or hypoxia/hypercapnia conditions, as shown in Fig. 2 . The frequency of EPSCs in CVNs did not significantly change either during the eupneic-like bursts or during the gasp-like activity present with hypoxia/hypercapnia, either during the bursts or in the postinspiratory phase. Surprisingly, however, in the recovery from hypoxia/hypercapnia, respiratory bursts evoked a significant increase in the frequency of EPSCs in CVNs. As illustrated in a typical experiment ( Fig. 2A) and in the average results from 10 neurons (Fig.  2B) , during the recovery from hypoxia/hypercapnia, respiratory bursts elicited an increase in glutamatergic neurotransmission to CVNs.
In animals that were exposed to nicotine throughout the prenatal period, glutamatergic synaptic neurotransmission to CVNs was not modulated by respiratory activity during control conditions, similar to unexposed animals, as shown in Fig. 3 . However during hypoxia/hypercapnia, gasp-like respiratory bursts dramatically increased the frequency of EPSCs in CVNs in these prenatal nicotine-exposed animals. Also, in contrast to unexposed animals, there were no significant changes in EPSC frequency in CVNs associated with the respiratory activity in the recovery period after hypoxia/hypercapnia. Results from a typical experiment are shown in Fig. 3A , and the average results from eight neurons are shown in Fig. 3B .
DISCUSSION
There are three major results from this study. Premotor CVNs in the NA, in both unexposed and prenatal nicotineexposed animals, did not receive any rhythmic respiratoryrelated excitatory inputs during eupneic-like respiratory activity. Hypercapnic/hypoxic conditions did not elicit any increase Figure 2 . In unexposed animals, there was no excitatory input to CVNs during hypoxia/hypercapnia. Inspiratory-related bursting activity was recorded from the hypoglossal rootlet (XII) and electronically integrated (͐XII). Fluorescently identified CVNs were patch-clamped in the whole-cell configuration, and glutamatergic neurotransmission was isolated in animals that were unexposed to nicotine. Inspiratory bursts had no effect on the frequency of glutamatergic EPSCs in CVNs during control conditions or during the period of hypoxia/hypercapnia as shown from a typical experiment in A and in the average results from 10 experiments (B). However, during the recovery from hypoxia/hypercapnia, glutamatergic EPSC frequency significantly increased during inspiratory bursts, as shown the typical experiment (A) and the average results from 10 experiments (B). *p Ͻ 0.05. O 2 /5% CO 2 to aCSF equilibrated with 85% N 2 /6% O 2 /9% CO 2 evoked biphasic changes in respiratory activity as burst frequency initially significantly increased then decreased in both unexposed animals (Ⅵ) and animals that were exposed to nicotine in the prenatal period (F). (Bottom) Hypoxia/ hypercapnia decreased inspiratory burst duration as the bursts became more gasp-like, in both unexposed (Ⅵ) and animals that were exposed to nicotine in the prenatal period (F). †,*p Ͻ 0.05, † †,**p Ͻ 0.01. The respiratory responses in animals that were exposed to nicotine in the prenatal period were not significantly different from the responses in unexposed animals. 564 in excitatory neurotransmission to premotor CVNs in unexposed animals, but during recovery from hypoxia/hypercapnia, inspiratory activity evoked an increase in glutamatergic EPSC frequency. In animals that were exposed to nicotine in the prenatal period, hypoxia/hypercapnia recruited a strong excitatory neurotransmission to CVNs during gasp-like respiratory bursts.
Similar to what has been observed from in vivo preparations, hypoxia and/or hypercapnia evoked biphasic changes in respiratory activity as bursting frequency initially increased and subsequently decreased, and burst duration shortened as respiration shifted from an eupneic-like to a gasping-like pattern (26, 27) . These respiratory responses were not significantly changed by exposure to prenatal nicotine, and the respiratory burst frequency and durations in animals that were exposed to prenatal nicotine were nearly indistinguishable from unexposed animals. The effect of prenatal nicotine exposure on respiratory function in vivo is controversial in both animal models and humans. Prenatal nicotine exposure did not alter the ventilatory response to hypoxia or hypercapnia in rats from 3 to 34 d of age (28) , yet in another study, prenatal nicotine exposure found an attenuation of the biphasic hypoxic ventilatory response in rats (29) . In one study, infants of smoking mothers did not have different ventilatory responses to hypoxia or hypercapnia, but these infants did have diminished arousal to hypoxia (30) , whereas in another study, infants who were born to smoking mothers had diminished hypoxic ventilatory responses and reduced respiratory drive (31) . The results from this study indicate that prenatal nicotine exposure does not alter central hypoglossal respiratory activity and suggests that the variable ventilatory responses to prenatal nicotine exposure in vivo may depend on changes in the activity of peripheral chemoreceptors rather than changes within the brainstem.
It is at first somewhat surprising that premotor CVNs do not receive respiratory-related excitatory neurotransmission in this preparation during any phase of the eupneic-like respiratory cycle given the pronounced respiratory modulation of heart rate. In the only in vivo study in which intracellular recordings were successful (and in only two neurons), excitatory synaptic events in premotor CVNs were present and phasic with the arterial pressure pulse, but the excitatory synaptic events were uncorrelated with the respiratory cycle (32) . During inspiration, premotor CVNs were hyperpolarized, and injection of chloride reversed this hyperpolarization, suggesting that a chloride conductance was activated during inspiration (32) .
Recent work has characterized the respiratory evoked inputs to CVNs and has demonstrated that respiratory modulation of cardiac vagal activity is mediated by modulation of inhibitory neurotransmission to CVNs. During inspiratory bursts, the frequency of both spontaneous inhibitory GABAergic and spontaneous glycinergic synaptic events in CVNs is significantly increased (33) . Focal application of the nicotinic antagonist dihydro-␤-erythroidine to an area immediately surrounding the patched CVN, in an ␣4␤2 selective concentration (3 M), abolished the respiratory evoked increase in GABAergic frequency (33) . In contrast, the increase in glycinergic frequency during inspiration was not altered by nicotinic antagonists.
In animals that were not exposed to nicotine, there was respiratory-related excitation of CVNs not during hypoxia/ hypercapnia but, surprisingly, in the recovery period. This cardiorespiratory interaction may be involved in potentially life-threatening arrhythmias that occur during and after obstructive sleep apnea. Recovery from obstructive sleep apnea in humans occurs either by arousal from sleep or from hypoxic gasping (autoresuscitation). Many patients with sleep apnea syndrome have nocturnal and sometimes severe bradycardia and bradycardic arrhythmias (34) . The bradycardia associated with sleep apnea is likely mediated, at least in part, by increases in parasympathetic cardioinhibitory activity because atropine, a blocker of cardiac vagal activity, is partially effective in preventing the majority of arrhythmias during and after obstructive sleep apnea (35) . Although the cause of the severe bradycardia associated with sleep apnea is unknown, the results from this study suggest that it may be the result of excitation of parasympathetic cardiac neurons that typically occurs during autoresuscitation (36) .
One of the major findings of this study is the demonstration that prenatal nicotine exposure dramatically alters cardiorespiratory interactions in the medulla. Whereas in control animals there was no change in excitatory neurotransmission to CVNs during hypoxia/hypercapnia, in animals that were exposed to nicotine in the prenatal period, hypoxia/hypercapnia recruited a strong excitatory synaptic pathway to CVNs. These results strongly complement recent work that examined whether prenatal nicotine exposure alters inhibitory neurotransmission to CVNs during hyp- Figure 3 . In animals that were exposed to nicotine in the prenatal period, hypoxia/hypercapnia recruits an excitatory pathway to CVNs during gasping. Inspiratory-related bursting activity was recorded from the hypoglossal rootlet (XII) and electronically integrated (͐XII), whereas glutamatergic EPSCs were simultaneously recorded in CVNs that were isolated from animals that were exposed to nicotine in the prenatal period. Inspiratory bursts had no effect on the frequency of glutamatergic EPSCs in CVNs during the control conditions, as shown from a typical experiment in A and in the average results from eight experiments (B). However hypoxia/hypercapnia recruited an excitatory pathway to CVNs as inspiratory gasps evoked significant increases in excitatory post-synaptic currents (EPSC) frequency during the inspiratory activity. During the recovery from hypoxia/hypercapnia, inspiratory bursts had no effect on the frequency of glutamatergic EPSCs in CVNs from animals that were exposed to nicotine in the prenatal period. *p Ͻ 0.05.
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NICOTINE ALTERS CARDIAC VAGAL ACTIVITY oxia. In unexposed animals, hypoxia evokes a biphasic change in the frequency of both inhibitory GABAergic and glycinergic synaptic events in CVNs, composed of an initial increase, followed by a decrease in inhibitory post-synaptic current frequency (37) . Prenatal exposure to nicotine changed the GABAergic response to hypoxia from a biphasic response to a precipitous decrease in spontaneous GABAergic inhibitory post-synaptic current frequency (37) . These results taken together would predict a much stronger excitation of CVNs during hypoxia and/or hypercapnia from animals that were exposed to nicotine in the prenatal period.
The strong excitation of premotor CVNs that occurs in prenatal nicotine animals shown in this study is a strong candidate for mediating cardiovascular dysfunction in SIDS, which is the leading cause of death in infants between 1 mo and 1 y of age. Although the cause(s) for SIDS remains unknown, chronic fetal nicotine exposure by maternal smoking dramatically increases the risk for SIDS by two to four times (19, 20) . Infants who succumb to SIDS typically have gasp-like respiratory patterns as well as intrathoracic petechial hemorrhages, which are an indication of rigorous respiratory efforts (36, 38) . Prenatal exposure to nicotine exaggerates the bradycardia response to hypoxia (22) , although the mechanisms have not previously been studied. It is likely that recruitment of an excitatory neurotransmission to CVNs during hypoxia/ hypercapnia-evoked gasping, such as that demonstrated in this study in animals that were exposed to nicotine, is responsible for the bradycardia that occurs in infants who succumb to SIDS.
The mechanisms that are responsible for the altered responses with prenatal nicotine exposure likely involve altered neurotransmission within the CNS. Prenatal nicotine exposure has been shown previously to exaggerate the facilitation of glutamatergic neurotransmission to CVNs and also change the types of presynaptic and postsynaptic nicotinic receptors involved in exciting premotor CVNs (39) . Changes in the subtype, number, and characteristics of the nicotinic receptors are likely involved. Chronic nicotine exposure has been shown to decrease the number of lowaffinity and increase the number and fraction of high-affinity nicotinic receptors (40) . The acetylcholine-evoked ionic currents from these up-regulated nicotinic receptors are augmented 2-fold or more compared with control currents and are less sensitive to desensitization (40) .
CONCLUSION
In summary, during normal eupneic-like respiration, premotor CVNs do not receive any rhythmic respiratory-related excitatory inputs. However, in the recovery period after but not during hypoxia/hypercapnia, there is an increase in excitatory neurotransmission to premotor CVNs in unexposed animals. In animals that were exposed to nicotine in the prenatal period, hypoxia/ hypercapnia recruits a strong excitatory neurotransmission to CVNs during gasp-like respiratory bursts. This study establishes a likely neurochemical mechanism for the heart rate response to hypoxia/hypercapnia and a link between prenatal nicotine exposure and an exaggerated bradycardia during hypoxia/hypercapnia that may contribute to SIDS.
